Cooling disordered compositionally asymmetric diblock copolymers leads to the formation of nearly spherical particles, each containing hundreds of molecules, which crystallize upon cooling below the order-disorder transition temperature (T ODT ). Self-consistent field theory (SCFT) reveals that dispersity in the block degrees of polymerization stabilizes various Frank-Kasper phases, including the C14 and C15 Laves phases, which have been accessed experimentally in low-molar-mass poly(isoprene)-b-poly(lactide) (PI-PLA) diblock copolymers using thermal processing strategies. Heating and cooling a specimen containing 15% PLA above and below the T ODT from the body-centered cubic (BCC) or C14 states regenerates the same crystalline order established at lower temperatures. This memory effect is also demonstrated with a specimen containing 20% PLA, which recrystallizes to either C15 or hexagonally ordered cylinders (HEX C ) upon heating and cooling. The processpath-dependent formation of crystalline order shapes the number of particles per unit volume, n/V, which is retained in the highly structured disordered liquid as revealed by small-angle X-ray scattering (SAXS) experiments. We hypothesize that symmetry breaking during crystallization is governed by the particle number density imprinted in the liquid during ordering at lower temperature, and this metastable liquid is kinetically constrained from equilibrating due to prohibitively large free energy barriers for micelle fusion and fission. Ordering at fixed n/V is enabled by facile chain exchange, which redistributes mass as required to meet the multiple particle sizes and packing associated with specific low-symmetry Frank-Kasper phases. This discovery exposes universal concepts related to order and disorder in self-assembled soft materials. structured liquids | fluctuating disorder | Frank-Kasper phases | block copolymers | sphere-forming diblocks "There are several ways," Dr. Breed said to me, "in which certain liquids can crystallize-can freeze-several ways in which their atoms can stack and lock in an orderly, rigid way."
L iquids are a fascinating state of matter, with densities close to those of the corresponding perfectly ordered crystals but macroscopically disordered like a gas. When cooled, a liquid freezes through nucleation and growth of periodic structures that reduce the free energy of the system relative to the isotropic state. Symmetry breaking during crystallization affords many options for tiling space resulting in an infinite array of possible periodic and aperiodic structures. Even simple monoatomic metals can assume multiple ordered phases as a function of temperature and pressure. Iron forms a body-centered cubic (BCC) phase just below the melting temperature and then transforms into a close-packed face-centered cubic (FCC) state and back to BCC when cooled to room temperature (2) .
Manganese transitions through four different crystalline phases upon cooling from the melt, forming a complex low-symmetry crystal with a unit cell containing 58 atoms in the ground state (3) (4) (5) . Plutonium exhibits six different crystalline phases at ambient pressure (and one more at elevated pressures); remarkably, near the melting temperature the solids float on the liquid (6) . Mixtures of metals, referred to as alloys, can be even more complex (7) , generating aperiodic crystals known as quasicrystals with certain formulations (8, 9) . Molecules introduce additional complexity. Water, a deceptively simple triatomic molecule, is known to exhibit 18 different crystalline phases (10, 11) . Understanding how larger compounds (e.g., liquid crystals, pharmaceuticals, or proteins) adopt ordered states presents daunting challenges. Moreover, large crystals are easily trapped in metastable states due to kinetic barriers associated with the nucleation and growth of equilibrium phases in the solid state (12) .
Liquids are different. Lacking long-range order, and endowed with fluid properties, dense single-component liquids are generally characterized by a dynamically accessible minimum free energy (except near the gas-liquid critical point) with respect to variables such as density or density distribution, resulting in a single spatially uniform state at fixed temperature and pressure. This report describes experimental results that challenge the universality of this concept. We demonstrate that self-assembled Significance We demonstrate that low-molecular weight asymmetric diblock copolymer melts can form multiple metastable liquid states at a common temperature, dependent on the processing history. Formation of ordered self-assembled micelles at low temperatures shapes the number density of the mesoscopic particles, which is preserved upon heating above the order-disorder transition temperature. Cooling returns the liquid to the same crystalline state reflecting a memory-a type of hidden symmetry-imprinted in the fluid. These surprising results are explained based on the large energetic penalty associated with fusing or fragmenting micelles in the highly structured liquid state. This work reveals concepts related to spontaneous symmetry breaking in selfassembled soft materials including surfactant-based systems. disordered diblock copolymer liquids produce multiple metastable nonequilibrium ordered states upon cooling whose symmetries would not arise if the liquid had a single spatially uniform state.
Diblock copolymers are perhaps the simplest, and experimentally and theoretically most tractable, amphiphilic compounds. This class of materials includes lipids (13) (14) (15) , surfactants (16) (17) (18) (19) , dendrimers (20) (21) (22) , and various other types of hybrid molecules (23) (24) (25) (26) . (Here we broaden the traditional definition of an amphiphile to embrace compounds beyond those that exhibit partial compatibility with water.) Self-assembly into nanoscale objects results in mesoscopic structures that can be arranged into a plethora of morphologies, subject to the constraint that space is filled at uniform density. In general, soft materials-such as the flexible nonionic A-B diblock copolymers considered here-are held together by short-range forces, predominately van der Waals interactions. Preferential self-association of chemically different A and B blocks with degrees of polymerization N A and N B leads to domains with dimensions that scale as N δ , where 1/2 ≤ δ ≤ 1 depending on the segregation strength and chain flexibility, and N = N A + N B (27) . The geometry of the domains is controlled primarily by the composition (volume fraction) of each polymer block, f A = N A /N, and by conformational asymmetry, e = (b A /b B ) 2 , where b j = R g,j (6/N j ) 1/2 (based on unperturbed Gaussian chain statistics for flexible polymers), defined using a common repeat unit (segment) volume v 0 (28) . We refer the reader to an extensive literature, developed over the last half century, which describes lamellar, multiply continuous network, cylindrical, and spherical ordered phases in diblock copolymer melts (27) (28) (29) (30) (31) .
The work reported here focuses on the limit of compositional asymmetry, f A << 1/2, where discrete particles form at sufficiently high values of χN in which χ ∼ T −1 represents the Flory-Huggins segment-segment interaction parameter. Until recently, it was widely accepted that undiluted flexible diblock copolymers behave in a simple and universal manner, forming a BCC arrangement of spherical particles at equilibrium below the orderdisorder transition temperature (T ODT ) and a disordered state for T > T ODT (32) . Discovery of the Frank-Kasper σ phase in 2010 (33) and subsequent reports of a dodecagonal quasicrystal (DDQC) (34) and the C14 and C15 Laves phases (35) in short asymmetric poly(isoprene)-b-poly(lactide) (PI-PLA) diblock copolymers, along with several theoretical advances (36, 37) , have disrupted this understanding. Fig. 1 illustrates the structure of asymmetric diblock copolymers as a function of temperature above and below T ODT . Selfconsistent field theory (SCFT) predicts that the difference in free-energy per chain between various Frank-Kasper phases is extremely small, O(10 −3 k B T), and that such tetrahedrally closepacked structures are favored over BCC order for certain combinations of f A , e, and χN (35) . Modest dispersity in the block molar masses, which is unavoidable in most experimental materials, also has been shown to influence the predicted equilibrium phase behavior, for example, favoring formation of the σ phase relative to BCC (37) . In this report, we demonstrate using SCFT that certain levels of dispersity can account for all of the ordered phases shown in Fig. 1 at equilibrium.
At T > T ODT , SCFT anticipates a disordered phase characterized by a uniform, homogeneous composition over length scales d >> b (32). This mean field treatment does not account for the effects of composition fluctuations, which dominate the disordered liquid state structure near T ODT at finite molar masses ( Fig. 1 ). At sufficiently high temperatures the disordered liquid will be spatially uniform in composition as entropic factors overwhelm unfavorable enthalpic contributions (χ > 0) to the overall free energy. As the temperature is reduced, a point is reached where micelles begin to form, referred to as the micelle dissociation temperature (T MDT ) (38) (39) (40) . Reducing the temperature further increases the concentration of micelles, which eventually crowd and fill space. The size of the fluctuating disordered region, ΔT = T MDT − T ODT , and the amplitude of the composition fluctuations scale with molar mass (28, 40) :
where N = N(b 3 /v 0 ) 2 and 1/3 ≤ γ ≤ 1/2; the theoretical value for γ when f A << 1/2 has not been firmly established (40) . In the mean-field limit (i.e., N → ∞), ΔT → 0. Increasing χ by choosing thermodynamically more incompatible blocks mandates reducing N to achieve an experimentally viable T ODT , which drives up ΔT. For short asymmetric PI-PLA diblock copolymers the disordered liquid is highly structured, displaying segregated micelles over a sizable range of temperatures, ΔT > 15°C, as evidenced by rheological and small-angle X-ray scattering (SAXS) measurements (5) .
Recently, we discovered that the ordered-state symmetry that evolves from a disordered PI-PLA liquid is process path dependent (35) . Rapidly cooling the disordered liquid by immersion in liquid nitrogen and subsequent heating to T* < T ODT produced a different set of ordered phases (including C14 and C15) than were obtained upon slowly cooling from T ODT to T* [BCC, σ, and hexagonally ordered cylinders (HEX C )] ( Fig. 1 ). Based on conventional wisdom we previously presumed that the disordered liquid rapidly equilibrates regardless of thermal treatment. We have now found that Schematic of ordered and disordered regimes in diblock copolymer melts in the idealized equilibrium limit. Colored spheres denote particle cores formed by minority blocks, and the blue background indicates the corona matrix consisting of the majority blocks. Above the micelle dissociation temperature (T MDT ) the disordered polymer is spatially homogeneous as accounted for by self-consistent field theory (SCFT), whereas locally segregated micelles dominate the disordered state structure near the orderdisorder transition temperature (T ODT ). SCFT anticipates the experimentally observed phase behavior illustrated at T < T ODT .
cooling the disordered liquid back below T ODT returns the material to the same crystalline state from which it came. In other words, the disordered diblock copolymer has structural memory on the timescales of the process. Clearly, these fluctuating liquids, which are nearly pourable fluids, are not at equilibrium. We present evidence here, drawn from SAXS experiments that show that the average particle (micelle) size in the disordered state near T ODT is controlled by the state of aggregation imprinted on the material during ordering. Moreover, micelle density appears to be a conserved quantity above and below T ODT on the timescale of the experiment, dictating the ordered phases accessed upon cooling. We argue that this seemingly perplexing behavior is a natural consequence of the severe constraints placed on particle fusion and fission due to the energetic penalties associated with merging two micelles or dividing a micelle into smaller pieces.
Results and Analysis
Beginning with Infinity: Self-Consistent Field Theory. SCFT is an ideal starting point for understanding the equilibrium phase behavior of diblock copolymers. As a mean-field theory, SCFT is strictly valid in the limit of infinitely large chains ( N → ∞) (41). However, because fluctuation effects due to finite molar mass only manifest near the order-disorder transition, SCFT provides reasonable accuracy for determining the free energy difference between ordered phases, which is our interest here.
For compositionally asymmetric but conformationally symmetric diblock polymers, SCFT calculations dating back to Leibler's seminal work (32) predict that BCC is the stable phase for nominally sphere-forming compositions, with a narrow window of FCC near the order-disorder transition (where SCFT is not as reliable). Following the 2010 discovery of the σ phase (33), Shi and coworkers (36, 37) used SCFT to uncover two mechanisms that stabilize the σ phase relative to BCC. First, conformational asymmetry opens up a σ-phase window at relatively high values of χN (36) . The compositional asymmetry required to achieve a stable σ phase in SCFT, e = 2.25, is large. Nevertheless, by preparing diblock copolymers with conformational asymmetries of e = 1.06, e = 1.32, and e = 1.68, Schulze et al. (42) demonstrated experimentally that the σ-phase window indeed expands as conformational asymmetry increases, with no σ phase appearing for the most conformationally symmetric system. Second, blending of diblock copolymers with disparate compositions ( Fig. 2A) should also favor the formation of the σ phase relative to BCC, as well as a region of stable A15 phase (37) . These blending calculations could explain why experiments found a stable σ-phase region at relatively low conformational asymmetries compared with SCFT; even a small dispersity in chain lengths and block compositions may produce effects akin to binary blending. For both conformational asymmetry and blending, Shi and coworkers (36, 37) argue that the additional degrees of freedom in these systems relieve the packing frustration required to form the five different sized particles in the σ phase.
One of the challenges in SCFT calculations is identifying a suitable set of candidate phases in advance (41, 43) . Such candidate phases are suggested often by experimental observations. Thus, having observed the C14 and C15 phases in diblock copolymers via thermal processing, Kim et al. (35) built upon prior work (36) by performing SCFT calculations for all experimentally known sphere-forming phases in conformationally asymmetric diblock polymers (BCC, FCC, σ, C14, and C15) as well as two other Frank-Kasper phases (A15 and Z) over a wide range of conformational and compositional asymmetries. Although many of the Frank-Kasper phases indeed are stabilized relative to BCC at some point within the phase space, SCFT only predicts σ as an equilibrium Frank-Kasper phase (35) .
To determine whether blending is sufficient to stabilize C14 or C15, we performed here extensive SCFT calculations for the binary blend of diblock copolymers, A 1 B and A 2 B, shown schematically in Fig. 2A (37) , now including C14 and C15 as candidate phases. Both diblocks are conformationally symmetric and have equal length of the majority (B) block, whereas the length of minority block differs. In the mixture, the volume fraction of A 1 B is ϕ 1 , and its block composition was chosen such that it forms a BCC phase in a single-component system. Furthermore, the molecular parameters of A 1 B are kept constant, whereas the length of the A 2 block in A 2 B is varied; increasing N 2 implies making the A 2 block longer. HEX C is the equilibrium morphology for pure A 2 B over the range of N 2 values considered here. Fig. 2B shows the phase behavior of the blended system in the N 2 /N 1 -ϕ 1 plane with the other parameters fixed (see SCFT Calculations for details). C14 and C15 occur as equilibrium phases within the mean-field limit and are stabilized over a wide region of the phase space. We have only considered conformationally symmetric (e = 1) systems in Fig. 2B , but further calculations suggest that conformationally asymmetric diblocks (e > 1) will stabilize C14 and C15 at more modest blend compositions than in Fig. 2B (Fig. S1 ). We also computed the relative stability of the different phases at a fixed blend composition in Fig. 2C . Consistent with previous results for single-component systems (35) , the free energies of different Frank-Kasper phases differ marginally, i.e., by only the order of 10 −3 k B T per chain.
Experiments with Finite-Length Diblock Copolymers. We have extended our recently reported work with PI-PLA diblock copolymers, which revealed the formation of the C14 and C15 phases, to include heating and cooling these materials above and below T ODT . Samples IL-58-15 (number-average molar mass M n = 5,010 g/mol, lactide volume fraction f L = 0.15, dispersity Ð = 1.08) and IL-52-20 (M n = 4,830 g/mol, f L = 0.20, Ð = 1.07) were freeze-dried, hermetically sealed in aluminum DSC pans, and thermally treated as described earlier (35) . Directly cooling the disordered melt to temperatures just below T ODT produced states of BCC (IL-58-15) and HEX C (IL-52-20) order as confirmed by SAXS patterns nearly identical to those shown in Figs. 3A and 4A, respectively. Immersing the disordered specimens in liquid nitrogen followed by reheating to approximately the same temperatures accessed during direct cooling led to the formation of the C14 (IL-58-15) and C15 (IL-52-20) phases, also confirmed by SAXS data that are virtually indistinguishable from the scattering patterns presented in Figs. 3B and 4B, respectively. These results mirror what we reported previously (35) . Then we heated each DSC pan above the T ODT to melt the ordered structures and cooled them back directly (at about 2°C/s) to T < T ODT . These experiments produced two sets of surprising results.
Heating the four ordered specimens to T > T ODT generated SAXS patterns characterized by a single broad peak ( Figs. 3 and 4 ) consistent with a disordered state. However, a striking feature of each pair of scattering patterns is that they are characterized by significantly different peak positions, q*, where q = 4πλ −1 sin(θ/2) is the magnitude of the scattering wave vector and θ is the angle between the incident and scattered X-ray beams. Heating the BCC version of sample IL-58-15 leads to q* = 0.0633 Å −1 at 95°C, whereas the C14 morphology generates a peak at q* = 0.0538 Å −1 upon heating to 110°C. This 15% variation far exceeds the small change in q* (ca. 1-2%) associated with the difference in temperature ( Fig. S2) . Similarly, heating sample IL-52-20 from the HEX C state to 140°C produces q* = 0.0657 Å −1 , whereas the C15 ordered material when melted generates q* = 0.0506 Å −1 at 140°C, a 23% difference. These sizable variations in the disordered state peak positions signal corresponding differences in the average particle density in the disordered state. Here we note that these disordered diblock copolymers are relatively low-viscosity (<10 Pa·s) liquids (5) . Moreover, these differences survive heating to as much as 30°C above T ODT for 5 min (Fig. S3) .
Remarkably, all four disordered fluids retain a memory of the ordered state from which they came. Cooling the disordered versions of sample IL-58-15 that began as BCC and C14 returns each specimen to the original state as shown in Fig. 3 . This behavior can be repeated multiple times by heating and cooling through T ODT (Figs. S3-S5) . The BCC and C14 versions of sample IL-58-15 are characterized by different T ODT values as determined by SAXS: T ODT,BCC = 95-99°C and T ODT,C14 = 105-110°C.
Similar behavior was obtained with sample IL-52-20 ( Fig. 4 ). Following disordering, the HEX C and C15 structures return upon slowly cooling as shown in Fig. 4 . However, recrystallization of C15 does not appear to be as perfect as with C14. SAXS patterns corresponding to a C15 structure obtained upon slow cooling and annealing appear to have a noticeable content of stacking faults (Fig. S6) . Nevertheless, the disordered liquid recovers the general structure formed by quenching the freeze-dried material in liquid nitrogen followed by reheating. In this case both ordered morphologies, HEX C and C15, have a similar T ODT of 135-140°C. We also note that the microdomains associated with the HEX C symmetry are assumed to be cylindrical ( Fig. 1 ) based on established diblock copolymer phase behavior (44) (45) (46) . The apparent T ODT values obtained from the SAXS experiments for both the IL-58-15 and IL-52-20 samples are summarized in Table S1 . Fig. 3 . Small-angle X-ray scattering (SAXS) results obtained from IL-58-15 (M n = 5,010 g/mol, f L = 0.15, Ð = 1.08). (A) Specimen was freeze-dried and heated to 95°C, followed by cooling to 85°C. Subsequent heating and cooling to these temperatures produced scattering patterns consistent with states of disorder and BCC symmetry. (B) A freeze-dried specimen was heated to 95°C then immersed in liquid nitrogen and reheated to 95°C. Heating to 110°C and cooling to 95°C produced SAXS patterns that correspond to a disordered fluid and the Laves C14 phase, respectively. Data are shifted vertically for clarity. These SAXS results were duplicated during multiple heating and cooling cycles. The slight hump in the disordered states at q > q* can be coming from the liquid-like packing arrangement of the disordered micelles (i.e., the structure factor) or from the form factor of the micelles themselves. A direct comparison of the disordered state scattering patterns with that obtained immediately after heating the freeze-dried material is presented in Fig. S7 . Vertical marks identify the predicted peak positions for the ordered states (35) .
A B
The exquisite diffraction patterns shown in Figs. 3 and 4 provide a direct method for calculating the number of particles per unit volume n/V associated with each ordered phase (Table  S2) . A BCC crystal (Im 3m space group symmetry) contains two equivalent particles per unit cell, which corresponds to (n/V) BCC = 7.3 × 10 −4 nm −3 at 90°C. The C14 Laves phase (P6 3 /mmc) contains three different particle types distributed across 12 sites per unit cell, where (n/V) C14 = 4.4 × 10 −4 nm −3 at 95°C. This difference in ordered state particle density translates to a ratio of average particle spacing [(n/V) BCC /(n/V) C14 ] 1/3 = 1.18 that is similar to the trend found in the corresponding disordered fluids, q* (BCC,DIS) /q* (C14,DIS) = 1.21. Similarly, for the C15 phase (Fd 3m) we determine (n/V) C15 = 3.5 × 10 −4 nm −3 , and [(n/ A) HEX ] 1/2 /[(n/V) C15 ] 1/3 = 1.34, which is close to q* (HEX, DIS) / q* (C15, DIS) = 1.30. In this case, we estimate the particle density of the HEX C as n/A, where n is the number of cylindrical faces in a 2D hexagonal unit cell (i.e., n = 1 with a rhombic lattice as the unit cell) and A is the area of the unit cell derived from the SAXS data (Table S2 ).
Discussion
The results exposed by this work lead to the inescapable conclusion that the disordered liquid state produced by particleforming diblock copolymers in the limit of low molar mass, i.e., as N → 1, supports multiple discrete long-lived nonequilibrium structures. These distinct metastable states, characterized by different particle densities n/V, spawn different ordered structures when cooled below T ODT . We believe that all of the temperatures explored in this study are lower than T MDT and speculate that the T MDT is well above the degradation temperature of the polymers and is therefore experimentally inaccessible. Unambiguous evidence of the structured nature of the disordered state has been presented previously (38) (39) (40) . Linear dynamic mechanical spectroscopy measurements show that the disordered liquid exhibits a plateau modulus in the dynamic mechanical storage modulus G′ that is associated with a densely packed micellar state (5) . Because these polymers have molar masses well below the melt entanglement limit, there is no ambiguity regarding the origins of this viscoelastic behavior. At the temperatures employed in this work we estimate that the terminal relaxation time associated with the disordered fluid is well under 1 s (5), implying that the fluid is homogeneous on a macroscopic scale over the times associated with the SAXS experiments. However, the ordered Frank-Kasper phases, including the C14 and C15 Laves phases, are not spatially uniform. Instead, these low-symmetry crystals contain discrete distributions of particle sizes and shapes, dictated by the constraints imposed by incompressibility and the driving force to fill space at essentially uniform density. As a consequence, the soft particles assume shapes and local coordinations that reflect the polyhedral cells associated with the specific lattice symmetry. Accessing these low-symmetry crystal structures requires a combination of conformational asymmetry and/or molar mass dispersity as revealed by the SCFT calculations highlighted in Fig. 2 . Transitions between ordered states, and with the disordered state, are mediated by the exchange of diblock copolymer chains to create the required mix of particle volumes. Fig. 5 illustrates the structural changes which we speculate accompany order and disorder in such diblock copolymer melts. Below T ODT the distribution of particle shapes and sizes has been unambiguously established as described in the previous section. Upon heating, disordering necessitates a redistribution of particle volumes and shapes so as to avoid thermodynamically unfavorable variations in local density. We have shown earlier (5) that the required mass transfer becomes activated at temperatures above what is referred to as the ergodicity temperature T erg << T ODT . Hence, we anticipate facile chain exchange in the vicinity of T ODT , consistent with rapid melting. We believe redistribution of diblock copolymer molecules reshapes the particle size distribution in the disordered state to the monomodal form illustrated in Fig. 5 .
However, chain exchange alone will not modify n/V. There is a free energy barrier to varying the particle density, which requires either particle fusion or particle fission as illustrated in Fig. 6 . Well-established principles regarding the self-assembly of diblock copolymers show that there is a severe thermodynamic penalty for doubling or halving the particle volume (47) (48) (49) , which is required to change n/V based on two-body interactions. This barrier will become increasingly severe as the diblock copolymer molar mass is reduced (while simultaneously increasing the magnitude of χ so as to keep T ODT at an experimentally tractable value). As N is reduced from infinity, the value of χN where the strong segregation limit (SSL) sets in (loosely defined A B Fig. 4 . Small-angle X-ray scattering (SAXS) results obtained from IL-52-20 (M n = 4,830 g/mol, f L = 0.20, Ð = 1.07). (A) Specimen was freeze-dried and heated to 140°C, followed by cooling to 100°C. Subsequent heating and cooling to these temperatures produced scattering patterns consistent with states of disorder and HEX C symmetry. (B) A freeze-dried specimen was heated to 140°C then immersed in liquid nitrogen and reheated to 100°C. Heating to 140°C and cooling to 100°C produced SAXS patterns that correspond to a disordered fluid and the Laves C15 phase, respectively. Data are shifted vertically for clarity. These SAXS results were duplicated during multiple heating and cooling cycles. Vertical marks identify the predicted peak positions for the ordered states (35) .
as the point of saturation of the composition profile at nearly pure block concentrations) declines from roughly (χN) SSL ≈ 100 to (χN) SSL << (χN) ODT as N → 1 (50) (51) (52) . This accounts for the strong deviation from unperturbed Gaussian chain statistics (53) and mean-field behavior in the disordered state at all compositions as N → 1, as documented experimentally (28, (54) (55) (56) (57) (58) and captured by theory (57-60). In the asymmetric limit, the structured disordered state occupies a broad window (T MDT >> T ODT ) as illustrated in Fig. 1 . Whereas symmetric diblocks (f A = 1/2) can adjust the length scale of the disordered fluctuating bicontinuous (and the ordered lamellar) morphology by diffusion of chains along the microdomain interface (55), the discontinuous particles that form in the asymmetric limit require the aforementioned fusion/fission events to change particle density. Hence, asymmetric diblocks are fundamentally different dynamically from compositionally symmetric ones. In the symmetric limit, smallangle scattering and rheological measurements have established a bona fide picture of the consequences of fluctuations (55) . The situation in the compositionally asymmetric limit is less understood. Recently, a fluctuation corrected version of the mean-field theory for sphere-forming AB diblocks has been reported (61). However, a detailed theoretical understanding of the disordered phase is still lacking, especially in terms of its micellar nature.
Reducing N traps the disordered liquid in a state with a specific n/ V dictated by the processing history, i.e., freeze drying or quenching in liquid nitrogen and reheating. The nonequilibrium particle density, shaped by processing, can assume a wide range of values, which then guide the formation of specific crystal symmetries when cooled. We believe these concepts account for the memory effect displayed by the PI-PLA materials. Moreover, we conjecture that the expansive design space afforded by blending diblocks, either before or after being situated in the strongly fluctuating disordered state, will provide access to additional complex crystalline phases.
SCFT does not predict the large variation in n/V that is found experimentally between the BCC and C14 (or HEX C and C15) phases (Fig. S8 ). We hypothesize that the lower micelle populations in the C14 and C15 phases are achieved by thermodynamic instability when the sample is quenched in liquid nitrogen and reheated. Quenching the sample in liquid nitrogen drives the system far from equilibrium and traps the configuration of the disordered state. Upon heating, as soon as the sample escapes T g (or T erg , below which the system behaves like a glass) it might Fig. 5 . Schematic of the proposed local structures in the ordered and disordered states obtained with IL-58-15 deduced from the SAXS results. A single particle size and shape is associated with the BCC phase, which has one particle per lattice site. Heating results in a distribution of particle sizes through chain exchange with an average volume 〈V〉 BCC dictated by the particle density established in the ordered state. Cooling returns the material to a BCC crystal. The C14 phase is characterized by 12 particles per unit cell, distributed between three discrete types of particle sizes and shapes, with an average volume 〈V〉 C14 . Heating above T ODT leads to a redistribution of mass resulting in a monomodal distribution of particle sizes while maintaining the particle density formed during initial formation of the C14 phase. The Laves phase returns when the material is cooled below T ODT . Fig. 6 . Proposed mechanism for explaining the trapping of a fixed particle density in the disordered state. Fusion or fission of pairs of micelles, which requires chain stretching and compression, respectively, away from the preferred configurations, are kinetically constrained by large free-energy (F) barriers. Facile and rapid chain exchange provides for a continuous redistribution of diblock copolymer molecules when T > T erg , which accommodates the small variations in particle volume, ΔV = ±eV i , required to fill space at constant density in the liquid state. Fluctuations in the average particle volume are indicated by the dashed circles at the ratio of initial to final number of particles per unit volume n i /n f = 1.
lie on an unstable point on the free energy surface resulting in the spontaneous redistribution of chains, similar to spinodal decomposition. Such an instability-driven transformation could entail rapid micelle fusion and fission (which is impossible to achieve via slow heating and cooling as mentioned above) as the specimen is heated, producing a specific number density which remains constant on further heating within the ordered regime and leads to the formation of the C14 and C15 phases.
Note that there would be some free chains in the system above the T ODT , but we speculate that the number is small near the T ODT in the disordered state [the free chain volume fraction is estimated to increase by less than 5% upon BCC-micellar liquid transition (38) ]. Samples were annealed for 5-15 min before cooling the melts below the T ODT , which is orders of magnitude longer than the relaxation times (<1 s) of the short PI-PLA diblock copolymers studied in this work (5) . We expect that preserving the melt above the T ODT for several hours, or perhaps many days, could result in an equilibrium distribution of micelles, with density, shapes, and sizes that may be different from those reported here.
We anticipate that the consequences of these speculated mechanisms may be far reaching. Many other soft materials that assemble into mesomorphic particles should be subject to the same phenomena. Particularly relevant are surfactant/water/oil systems such as those reported by Mahanthappa and coworkers (16, 18, 19) , who have demonstrated strikingly similar phase behavior to that displayed by asymmetric diblock copolymer melts. Surfactants represent the ultimate N → 1 limit, while offering a plethora of practical applications made possible by control over the amphiphilicity based on nonionic and ionic chemical structures. In principle, these arguments are scale invariant, suggesting possible approaches to controlling order and disorder at larger length scales.
Concluding Remarks
Soft and hard materials constructed from approximately spherical constituents display surprisingly similar low-symmetry ordered Frank-Kasper and quasicrystalline phases when cooled from the liquid state. We have suggested elsewhere that a common feature denoted "sphericity" underpins this apparent universality (5) . However, there are fundamental differences between metallic and micellar liquids that mediate symmetry breaking upon cooling. Whereas metal atoms are immutable particles with fixed sizes (excluding the valence electrons that fill the conduction band), diblock copolymer micelles can assume a distribution of sizes and shapes, essential features in filling space at uniform density. Crystallization of an elemental metal or alloy requires rearranging the positions of the constituent atoms at the Ångström length scale and reconfiguring the density of electronic states to accommodate the lattice symmetry, thus maximizing the average sphericity of the Jones zone in reciprocal space (62) . These events are not constrained by diffusion limitations as evidenced by facile phase transitions between crystalline phases in metals such as iron, manganese, and plutonium. Conversely, ordering a structured diblock copolymer liquid necessitates redistribution of molecules between micelles to optimize sphericity at constant density, which is a diffusion-controlled process. Fluctuation effects in self-assembled diblock copolymers create conditions in the liquid state that do not exist in liquid metals: a manifold of long-lived metastable states that trap the micelle number density at values determined by the processing conditions. Consequently, ordering and symmetry breaking of disordered asymmetric diblock copolymers is intimately connected to the liquid state structure and inextricably coupled to the effects of fluctuations (63) , which affect the properties of various types of complex fluids (64) (65) (66) . We speculate the fluctuating disordered state traps a type of hidden symmetry that is manifested when the liquid is cooled below T ODT , bearing semblance to other hidden symmetries commonly found in the context of spontaneous symmetry breaking (67), including those occurring in elementary particles (68) and spin glasses (69) .
The combined experimental and theoretical results uncovered by this work raise significant challenges in determining the true equilibrium state of asymmetric diblock copolymers. As noted above, it should be possible to narrow the fluctuating window in Fig. 1 between T ODT and T MDT by increasing the molar mass, which may extinguish the memory effect observed here because the liquid state will become homogeneous after heating a few degrees above T ODT . This affords enticing opportunities to comprehensively assess the role of fluctuation effects, both experimentally and theoretically, in the fascinating region of order and disorder that lies between the realms of asymptotically large amphiphilic molecules ( N → ∞) and low-molar-mass compounds ( N → 1) such as water.
Dr. Breed was mistaken about at least one thing: there was such a thing as ice-nine.
Chapter 23, Cat's Cradle by Kurt Vonnegut (1) Materials and Methods SCFT Calculations. SCFT is a mean-field theory in which the local monomer interactions are modeled by the Flory-Huggins interaction parameter χ and the configuration of the chains are modeled using the standard Gaussian model (53) . We employ unit cell SCFT calculations, in which the governing equations are solved numerically within one unit cell, constraining the symmetry of the structure under consideration (41, 43) . The obtained solution then yields the free energy of a stress-free unit cell of the ordered structure, representing a local minimum in the free energy surface. To construct the phase diagram, the unit cell SCFT calculations for all of the candidate phases are performed, and the free energies of the different structures are compared throughout the parameter space to determine the stable and metastable phases in a canonical ensemble. In the grand canonical ensemble, which is convenient for analyzing blends, the quantity of interest is the chemical potential of each phase.
In this work, we considered a binary blend of diblock copolymers, A 1 B and A 2 B, as shown in Fig. 2A . The system is composed of n 1 chains of A 1 B and n 2 chains of A 2 B in a volume V, such that ϕ 1 = n 1 N 1 /(n 1 N 1 + n 2 N 2 ) is the volume fraction of A 1 B in the blend, where N 1 = N A1 + N B and N 2 = N A2 + N B are the degrees of polymerization for the two diblocks, respectively. The blended melt is incompressible, and both the diblocks are conformationally symmetric, i.e., b A = b B . The SCFT parameter space for this blend system thus consists of five parameters: ϕ 1 , χN 1 , N A1 =N 1 , N A2 =N 1 , and N 2 / N 1 . Here we examined the phase behavior only in the N 2 /N 1 -ϕ 1 plane and for a particular case, χN 1 = 40, N A1 = 0.15N 1 , and N B = 0.85N 1 , considering the following candidate ordered structures: the Frank-Kasper C14, C15, σ, and A15 phases, along with BCC and HEX C . Furthermore, we used a combination of canonical and grandcanonical SCFT calculations to efficiently determine the regions of phase coexistence such as the one depicted by "two-phase" in Fig. 2B . The details of the calculations including the governing equations for both canonical and grand-canonical ensemble are reported in the supporting information of Liu et al. (37) .
Synthesis and Structural Examination of PI-PLA Diblock Copolymer Melts.
Synthetic details of the PI-PLA polymers are described elsewhere (35, 55, 70) . Briefly, 1,4-polyisoprene homopolymer with a hydroxyl end group was synthesized via anionic polymerization of isoprene monomer. This homopolymer was used as a macroinitiator to polymerize (±)-lactide, generating the PI-PLA diblock copolymer. The freeze-dried samples (20-30 mg each) were hermetically sealed in aluminum DSC pans and subjected to various thermal treatments: (i) directly quenching the samples from T > T ODT to target annealing temperatures (below the T ODT ) or (ii) immersing the samples from T > T ODT in a liquid nitrogen bath, then reheating the sample to target T < T ODT . The samples were annealed at the target temperatures for up to 20 d to form the documented morphologies (i.e., BCC, HEX C , or the Laves phases) (35) . To study the temperature-dependent morphological behavior, SAXS experiments were performed at Beamlines 5-ID-D DND-CAT and 12-ID-B at the Advanced Photon Source at Argonne National Laboratory. Beam energies and sample-to-detector distances were 17 keV/8.5 m at 5-ID-D and 12 keV/ 2.3 m at 12-ID-B, respectively. After confirming the formation of each ordered phase, the samples were heated to T > T ODT with a heating rate of ∼2°C/s using a Linkam DSC600 sample stage. The samples were then cooled back to the target temperature at a moderate cooling rate (i.e., ∼2°C/s). The samples were then held at the final temperature for up to 24 h to allow reordering. The heating-cooling cycle was repeated up to four times to check consistency. More than five individual DSC pans were tested to confirm reproducibility. Data with
